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Specific reactivity of c&and truns-indanediols has been investigated under dimethyl ether 
(DME) chemical ionization conditions. Several unusual species, such as [M + 29]+ and 
[M + 27]+ ions, are produced in high yield. From DME pressure variations and tandem 
mass spectrometry experiments (low-energy collisions with Ar and NH,) including some 
labeled compounds, it appears that [M + 29]+ ions are 
tion according to a S,i pathway from the proton bound 
enerated by nucleophilic substitu- 
P M + DMEH]+ adduct ion. On the 
other hand, [M + 27]+ ions are produced from the covalent [M + DME - HI+ adduct ions 
via a stepwise process inducing a water loss. This latter dehydration occurs from the adducts 
prepared by [DME - HI+ attachment to the homobenzylic hydroxy site, which allows 
internal proton transfer from the charged position to the benzylic hydroxy group, promoting 
the loss of water. In addition, trans indanediol labeled with ‘so has been used to ob- 
tain evidence for the regioselectivity of both water-loss mechanisms from the benzylic site. 
(J Am Sot Mass Spectrom 1997,8,610-619 0 1997 American Society for Mass Spectrometry 
I nterest is increasing in determining the stereochem- istry of natural products and biological substrates. Such structural determinations constitute an impor- 
tant goal in mass spectrometry for assigning a final 
description of complex molecules. Already, this may 
be reached by using suitable gas-phase ionization pro- 
cesses such as electron ionization (EI) and chemical 
ionization (CI). EI [2] as well as CI with usual reagent 
gases (e.g., ammonia [3] and others [4]) have been 
demonstrated to be effective for volatile molecules. 
Under CI conditions, the quasimolecular ion has less 
internal energy than under EI conditions. These ion 
species also occur at high abundance, and this allows 
one to use tandem mass spectrometry advantageously 
to enhance stereochemical effects in the case of di- 
astereoisomeric compounds [ 51. 
Alternatively, if functional group stereochemistry of 
the epixneric substrates has already been determined 
by using other spectroscopic methods, then the ob- 
served stereochemical effects can be very useful for 
understanding the reactivity of a particular CI reagent 
gas toward various chemical functions, such as the 
hydroxy group, that are present in many polyfunc- 
tional substrates. For instance, epimeric aliphatic cyclic 
diols frequently have been employed as models be- 
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cause they are particularly suitable for investigating 
(1) molecular ion stability, for instance, via hydrogen 
bonding, (2) dissociation orientation related to short- 
and long-distance substituent influences (e.g., polar, 
stereoelectronic effects, and anchimeric assistance), (3) 
the efficiency of bimolecular process as determined by 
various chemical properties such as basicity and nucle- 
ophilicity of the reagent gas (e.g., ammonia [61, methy- 
lene chloride [7], trimethylborate [8], etc). 
For unsymmetrical epimeric dihydroxysubstrates 
such as 1,2-indanediols, a stereospecific and regioselec- 
tive nucleophilic reaction toward NH,/NH: plasma 
was reported at the benzylic hydroxy group [91. On the 
contrary, OH at the /3 position of the aromatic ring 
(i.e., at the homobenzylic position) did not react with 
ammonia. The characteristic of these ion-molecule re- 
actions were established by studying the substituted 
ion structures first at high collision energy on a re- 
versed geometry double focusing instrument [9] and 
more recently under low collision energy conditions in 
the collision cell of a triple quadrupole instrument [lo]. 
In the present work, relative reactivities of the 
epimeric lcis and l,, indanediols toward the 
dimethyl ether (DME) CI plasma are compared. This 
CI system consists mainly of (cH,),~H+ (DMEH+, 
m/z 47) and CH,OCHl ([DME + HI+, m/z 45) [ill. 
The primary [M + DME +H]+ and [M+DME- 
H)]+ adducts are known to be generated by DMEH+ 
solvation via hydrogen bonding and by [DME - HI+ 
electrophilic attachment, respectively. Study of the for- 
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mation of both the competitive primary adduct ions 
was very useful for structural elucidation of various 
mono-, bi-, or polyfunctional compounds such as ste- 
viol analog5 [121, lactams [13], glycols [14], aliphatic 
diols [ 151, aminoalcohols [161, and phenols 1171. A 
recent review summarizes the various applications of 
DME as a Cl reagent gas [ 181. The usual fragmentation 
pathways occurring under DME Cl conditions are (1) 
the loss of DME from [M + DME + I-II+ leading to 
[M + HI+ ions and (2) the losses of formaldehyde and 
methanol from [M f (DME - H)]+ leading to distinc- 
tive [M + 15l+ and [M + 131+ species, respectively. 
However, less usual ions related to loss of water from 
the primary adduct ions were observed for certain 
alcohols. On the one hand, [M + 291+ ions were re- 
ported by Brodbelt and co-workers 1191 from decom- 
position of the [M + DME + HI+ adduct ions gener- 
ated from various alkenols. On the other hand, some 
[M + 271+ ions formed from [M + (DME - H)l+ 
characterize the DME CI spectra of the trichotecene 
biotoxin [20]. 
In this article, the mechanisms of favorable water 
losses from the primary l& and 1, adduct ions 
were investigated. To reach this aim, we studied (1) 
the effect of the DME pressure on the [M + 29]+ ion 
yield observed in the CI mass spectra, (2) the low 
energy CID (collision induced dissociation) spectra to 
obtain partial information on the ion structures, (3) 
CAR (collision activated reaction) spectra for enhanc- 
ing stereochemical differences by using the bimolecu- 
lar reactivity of these adduct ions toward nucleophilic 
reagents, and (4) the reactivity of the epimeric 1, and 
1 indanediols and an isotopically labeled analog 
(‘g&-j toward labeled CDsOCD, (DMEd6) to 
demonstrate the regioselectivity of the different reac- 
tions. 
Experimental 
Cis and fruns-indanediols were synthesized according 
to methods described in the literature [21], dimethyl 
ether was purchased from Aldrich Chemical Co. (St. 
Louis, MO) and frans-indanediol labeled regioselectiv- 
ity with 180 at the benzylic hydroxy position was 
obtained by using “OH, instead of 160H2 as a sol- 
vent in the standard procedure [21l. The purity of 
cis/trans epimers and that of the labeled diols was 
checked by gas chromatography mass spectrometry 
under EI conditions. All the mass spectra were ac- 
quired on a tandem triple quadrupole instrument 
(R30-10 NERMAG, Quad Service, Poissy, France). The 
samples were introduced in a modified high-pressure 
source by using a direct DC1 (desorption chemical 
ionization) probe without heating the DC1 filament. 
One microliter a solution (1 g L-‘1 containing diols 
was deposited on the DCI filament and the solvent 
was allowed to evaporate. DME was introduced to 
10e4 torr pressure [uncorrected values obtained from 
measurements with a GIG-028-02 ion tube (CVC Prod- 
ucts, Inc., Rochester, NY) in the source housing above 
the secondary pumpingl. Mass spectra were recorded 
under standard conditions after source optimization 
(i.e., filament current, 100 PA; repeller potential, 0 V; 
electron energy, 100 eV; temperature, w  80°C). 
The low-energy CID spectra were obtained by using 
Eh,, values of approximately 15 eV and by using argon 
as the target gas [4 X 10T5 torr, measured by using a 
Penning Vat PM31 gauge (Leybold, W. Germany), 
under assumed single collision conditions correspond- 
ing to 20% of main beam attenuation]. Alternatively, 
CAR spectra were recorded under multiple collision 
conditions. For these experiments, the pressure of the 
ammonia in the collision cell varied typically between 
2 X lob3 and 6 X 1O-3 torr. Collision-cell lens volt- 
ages were optimized by using the m/z 150 signal, 
diagnostic of the SN2 process. Each mass spectrum 
represents an average of 50 scans. Quadrupole scan- 
ning was performed by using the EZSCAN Data Sys- 
tem of Mass Evolution (Houston, Texas). Mass, CID, 
and CAR spectra were recorded by using ONYX soft- 
ware from AIRnD (LePecq, France). 
Results and Discussion 
DME CI mass spectra of the cis and fruns-indanediols 
(Table I) display primary adduct ions [M + DME + 
HI+ (m/z 197) and [M + (DME - H)]+ (m/z 1951, 
and several unexpected fragment [M + 29]+ (m/z 179) 
and [M + 27]+ (m/z 177) ions. Furthermore, the m/z 
133 ion (noted as R+) is observed at high abundance. It 
can be produced from different decompositions of the 
various adduct ions (i.e., [M + DME + HI+, [M + 
(DME - H)]‘, and [M + 29]+) such as will be shown 
by the CID experiments (de infiu). Alternatively, the 
[M + 13]+ and [M + 15]+ species surprisingly are seen 
at low abundances in most of DME CI experiments. 
The presence of the [M + DME + HI+ and [M + 
(DME - H)]+ adduct ions is expected because they 
correspond to the main reactive DME CI reagent ions. 
Their proposed structures are depicted in Scheme I. 
DMEH+ solvation in [M + DME + H]+ is due to hy- 
drogen bonding in contrast with [DME - HI+, which 
is covalently bound in [M f (DME - HI]+. More pre- 
cisely, two kinds of adduct ions can be generated: (1) 
those at a benzylic position (referenced with the b 
subscript), yielding the [M + DME + HI: and [M + 
(DME - HI],+ forms and (2) those at a homobenzylic 
site, giving rise to formation of the [M + DME + Hlh+ 
and [M + (DME - H)],+ forms (referenced with the h 
subscript). Very likely, in the cis 1,2 disubstituted 
cyclopentane moiety of the molecule, the small 
C-OH/C-OH dihedral angle allows the proton solva- 
tion by both the hydroxy groups, yielding [lb + DME 
+ HI&, [41. 
Significant stereochemical effects in ion abundances 
are displayed in the CI mass spectra (Table 1). In 
particular, the {m/z 177]/{m/zl95) ratio reveals a 
higher value for l&r whereas the {m/z 179}/{m/z 
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Table 1. Relative abundances of the various clusters and fragment ions of interest prepared from the epimeric indanediols 
(Itis and lti& inDMECIa 
Ions: [M + DMEH]+ [M + (DME - HII+ [M + 291+ hl + 271+ [M + 151+ [M+ 131+ MH+ R+ 
m/z Values: 197 195 179 177 165 163 151 133 
lci* 90 14 68 100 8 4 <l 78 
1 ,,a”8 31 32 100 60 5 1 <l 100 
a lot-6 characterized by a very weak abundance (e.g., m/z 145, 147, and 149) are not reported as well as other ions that are higher cluster 
such as those of m/z 193. 209, 211, 241, and 243). 
197) ratio appears higher for the l,,, epimer. On one 
hand, the chelation of DMEH+ in the [l,& + DME + 
HI+ adduct ion confers a significant stability toward 
decompositions (i.e., to give [M + 29]+ and R+ ions) 
relative to that observed for the [l,, + DME + HI+ 
adduct ion. This behavior can be rationalized by con- 
sidering that the stabilized [M + DME + HI&, form is 
sterically possible only from the cis epimer. On the 
other hand, the covalently bound adduct ions present 
a reversed trend because [Ids + (DME - HI]+ decom- 
poses with a greater rate constant than that for the 
water loss from [ltt, + (DME - H)]+. This enhanced 
water elimination is likely due to a kinetic factor rather 
than to a favored thermodynamic orientation related to 
a possible decreased stability of the cis [M + (DME - 
H)]’ epimer versus that of the trans epimer. Actually, 
the main reason for such behavior is a favorable proton 
transfer, inducing fragmentation from the [lti + 
(DME - HII,+ adduct ion in contrast to the [l,, + 
(DME - H)lh+ adduct ion. Such a proton-transfer pro 
cess will be considered as an internal adic catalysis 
( vide infra). 
To verify the ion structures proposed in Scheme I, 
dimethyl-d, ether CI conditions were used. Mass spec- 
tra (Table 21 and CID spectra (Table 3) were obtained. 
The mass-to-charge ratio shifts observed in the prin- 
cipal ions by using labeled DME,, instead of DME 
indicate that no H-D exchange occurs with the labile 
hydrogen atoms of the indanediols. Indeed, the 7-u 
shift observed for the primary [M + DME,, + Dl+ 
(m/z 204) adduct ion is consistent with the DME,,D+ 
(m/z 54) attachment as expected from the structures 
proposed in Scheme I. From this labeled adduct ion, 
DHO loss occurs, giving rise to the m/z 185 ion 
(shifted by 6 u). Likewise, the 5-u shift characterizing 
the primary [M + (DME,, - DII’ (m/z 200) adduct 
ion also corroborates the structures proposed in Scheme 
I. However, the ion at m/z 177 also shifts by 5 u to 
m/z 182, which shows that the loss of H,O is specific. 
From the primary adduct ions prepared in DME CI, 
evidence for [M + DME + HI+ + [M + 29]+ and [M 
+ (DME - HII+ + [M + 27]+ is obtained through 
low-energy CID experiments (E, = 15eV; Table 3). 
These results rule out a reaction of the dimethyl ether 
ion with dehydrated neutral indanediols that could be 
produced by pyrolysis in the high-pressure source; 
such a reaction is the case for oxazepam [221. Further- 
more, among several structural features in Table 3 
related to the primary adduct ions and to their respec- 
tive fragment ions, the most significant are (1) an 
[&a,,,+ H + DMQ,+, m/z 197 [&,,, + H + DMElh+, m/z 197 [h+H+DMEla<, m/z 197 
OH 
Cis or mm [M + @ME - H)lb+, nvS 195 Cis oc rruns [M + @If.? -H)],,+, m/z 195 
Scheme I. Supposed structures for the cis and truns [M + H + DME]+ and [M + (DME - H)]+ adduct ions formed in CI DME (the b 
and h subscripts mean charged at benzylic and homobenzylic position, respectively, and bh subscript corresponds to proton chelation 
by benzylic and homobenzylic groups). 
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Table 2 Peak shifts observed in the CI mass spectra of indanediols by using the DMEI, gas-phase reagent 
Ions: [M + DMEHl+ [M + (DME - H)I+ hl + 291+ [M + 271+ [M + 151+ [M+ 131+ MH+ R+ 
m/z (Cl DME): 197 195 179 177 165 163 151 133 
m/z (Cl DME,,) 204’ 200 1 85b 182 168 165 152 1 33c 
Shift +7 +5 +6 +5 +3 +2 +1 0 
‘A minor m/z 203 ion is also detected in the case of lci, 
bm/z 186 ion is present at low abundance. 
‘Additional ion at m/z 134 is detected at low abundance. 
important loss of water from the [M + DME + HI+ 
adduct as mentioned above, (2) a loss of DME from the 
tM + 291+ ion, consistent with the oxonium structure 
proposed by Brodbelt et al. [191, (3) a loss of water 
from the [M + (DME - H)]+ adduct competitive with 
the other usual fragmentations (i.e., loss of methanol 
and formaldehyde) and with loss of 62 u (i.e., 
HOCH,OCH,), and (4) formation of [DME - HI+ 
from the [M + (DME - HII+ dissociation. 
However, from these experimental data, several 
ambiguities related to the water loss from both the 
primary adduct ions still remain and wiIl be eluci- 
dated. Particularly, low-energy CID spectra of each 
pair of [M + 29]+ and [M + 271+ ions are very similar 
and, consequently, the ion structure assignments are 
ambiguous. Consequently, the stereochemistry of the 
mechanism is hidden. Likewise, the origin of the water 
loss is not established and the regioselectivity of both 
eliminations cannot be definitely substantiated. To ra- 
tionalize the observed reactivity, the following points 
are considered: (1) the regioselectivity of the nucle- 
ophilic attack at the five-membered ring (i.e., benzylic 
versus homobenzylic position), (2) the molecularity of 
the [M + 29]+ formation, which could occur by an S,i 
or S,2 mechanism in the high-pressure source, and 
(iii) the stereochemistry of the product ion (i.e., reten- 
tion, inversion, or racemisation). 
To obtain this insight, trans-‘*O-benzyl indanediol 
(denoted “0-1,,) was prepared and investigated un- 
der DME CI conditions. In addition, the order of the 
process yielding losses of water was evaluated by 
studying the ion formation dependence upon the DME 
pressure. Finally, CAR experiments on the selected 
[M + 29]+ and [M + 27]+ ions were performed for 
distinguishing eventual epimeric structires, which are 
undifferentiated in the CID fingerprints. For this pur- 
pose, ammonia was introduced into the collision cell as 
a nucleophilic reagent for the selected positive ions. 
The results are reported in the following two sections. 
The first section serves to elucidate the [M + (DME - 
HI]+ ion dehydration; the second concerns the nucleo- 
philic reaction occurring for [M + DME + HI+. 
Regioselective Formation of the [M + 271+ Ions in 
the High-Pressure Source 
Loss of water induced by internal acidic catalysis. The 
electrophilic attachment on the dials of the [DME - 
HI+ ion leading to the primary [M + (DME - HI’ 
adduct ions occurs either at the hydroxy benzylic site 
or at the homobenzylic position. Accordingly, the de- 
hydration of the primary adduct ions into the m/z 177 
ions depends upon the activated site. Two mechanisms 
Table 3. Relative abundances of product ions of the main Ids and lhans adduct ions and derivatives in their respective 
low-energy CID spectra E,, = 15 eV, single collision conditions, see Experimental 
Selected ions: [l,i* + 471+ [l,,,,, + 471+ [lci, + 451+ [ltrans + 451+ [lci, + 291+ [ll,.,, + 291+ [l,i. + 271+ [La,, + 271+ 
daughter ion m/z values: 197 197 195 195 179 179 177 177 
[M + 291+, m/z 179 100 100 
[M + 271+, m/z 177 39 7 
[M + 151+, m/z 165 76 38 
[M + 131+, m/z 163 18 9 
[MHl+, m/z 151 
m/z 149’ 13 11 
m/z 147b 7 8 
m/z 145’ 2 2 
R+. m/z 133 64 68 100 100 100 100 
DMEH’, m/z 47 3 7 18 21 
(DME - HI+. m/z 45 7 3 100 100 
aA possible structure is the [M - HI’ ion. 
b[M + (DME - H) - H,O -CH,OI+ ion is attributed to this peak. 
‘This ion is due to loss of methanol from m/z 177 ion (i.e., [M + (DME - HI-H,O-CH,OHI+ ion). 
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&,,.+(DME-H&,+,1&195 &,,,,.+(DIIIE-H&.:nvFzlw &,,.+(lXblE-H)J,,.+,nu*rlQS 
Scheme II. Stepwise water loss mechanisms via internal acidic catalysis from both the cis and fruns isomeric [M + (DME - HII+ 
adduct ions (m/z 195) according to the position of the cationized site. 
can be proposed, either from [M + (DME - H)]b+, 
leading to an homobenzylic m/z 177 carbenium ion 
Gcheme IIa) or from [M + (DME - H)]h+, giving rise 
to a benzylic carbenium ion (Scheme IIb for 1, and 
Scheme IIc for l,,). 
The DME CI mass spectrum of 180-1,, shows that 
the ion at m/z 177, which is the [M + 271+ ion, is not 
shifted (Table 41, contrasting with the precursor [180 - 
1 + (DMF - HII+ ion, which is shifted by 2 u to 
G/Y 197. The specific loss of the I80 labeling rules out 
water elimination from the [M + (DME - H)]: form. 
This result shows clearly that the water-loss mecha- 
nism is regioselective at the benzylic position. 
First, [M + (DME - H>ll adduct ions generated 
from each epimer do not isomerize to [M + (DMF - 
H& adduct ions Gcheme IIa). Very likely, the former 
isomeric forms decompose via other direct pathways 
(e.g., loss of 62 u, yielding R+ ions, m/z 133) prior to 
isomerization. Alternatively, isomerization by proton 
transfer from the [M + (DME - H)]h+ forms to the 
[M + (DME - H)]& or [M + (DME - H)lh+” forms 
leading to the m/z 177 carbenium (Scheme IIb and c) 
is strongly favored with respect to homobenzylic direct 
cleavage by loss of HOCH,OCH, (formation of the 
m/z 133 ion). This latter conclusion is strengthened by 
the fact that the R+ ion is not shifted by 2 u from “0 
labeled derivative (Table 2). This reveals that the R+ 
ion is not shifted by 2 u form ‘*O labeled derivative 
(Table 2). This reveals that the R+ ions cannot be 
generated by the loss of the homobenzylic hydroxy 
group. 
Probably the low proton affinity of the leaving group 
[231 and the particular stability of the beruylic carbe- 
nium ions explain this specific orientation. Actually, 
the loss of water occurs via a stepwise mechanism that 
requires a proton transfer from the protonated ho- 
mobenzylic side chain to the benzylic hydroxy site 
(e.g., adduct ion isomerization such as the [M + (DME 
- H)lh+ -+ [M + (DME - H)];, and [M + (DME - 
H>lz + [M + (DME - Hll$ processes) followed by 
beruylic cleavage of the protonated hydroxy group. It 
is likely that these ions may be further stabilized by 
side chain cyclization into a methylated acetal ring 
(not discussed herein). 
This regioselective stepwise cleavage can be viewed 
as an internal acidic catalysis inducing a water loss. It is 
Table 4. Peak shifts observed in the indanediols mass spectra by using ‘*O - lhans labeled substrate 
Ions: [M + DMEH]+ [M + (DME - HII+ [M + 291+ [M + 271+ [M+ 151+ [M+ 131+ MH+ R+ 
m/z (lt,,,,): 197 195 179 177 165 163 151 133 
m/z PO - ltrsnr) 199 197 179 177 167 165 153 133 
Shift +2 +2 0 0 +2 f2 +2 0 
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enhanced from the [l,& + (DME - HII+ ions because 
the {m/z 177}/{m/z 195) ratio increases from 2 to 7 
with regard to [lb- + (DMR - H)l+ ions. This dif- 
ference of behavior can be rationalized by considering 
that a more favored proton transfer occurs from the cis 
epimer, in which the involved reactive sites (i.e., OH 
and H+) are sterically neighbored, allowing the direct 
[lck + (DME - H)l,+ + [l& + (DME - HI]:, isomer- 
ization. Alternatively, from the [lti,, + (DME - HI]+, 
a double stepwise proton transfer (i.e, the [l- + 
(DME - H)lh+ + [ltim + (DME - H)]& -+ [ltrans 
+(DME - HI]:, isomerization) must take place. Pro- 
ton transfer during the second step (i.e., [l,, + (DME 
- I-01; + [l,,, + (DME - HI];) is possible by the 
side chain coiling, which draws the proton closer to 
OH (Scheme TIC). 
Evidence in favor of a common [M + 271+ (m / z 177) ion 
sbwture. The previous mechanism implies that the 
produce [M + 27]+ ions have a common structure 
I independent of the diol’s initial stereochemistry. This 
is suggested by the similarity observed between the 
CID spectra of [M + 271” ions (Table 3). However, the 
low number of daughter ions hinders a definitive con- 
clusion. To confirm the formation of a common struc- 
ture for [M + 27]+ with more decisive experiments, 
their reactive collision spectra (CAR induced by NH,) 
were compared. The CAR spectra (0 < Ebb < 15 eV, 
179 
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multiple collisions) of the [l, + 27]+ and [lti- + 
27]+ ions present eminently similar fingerprints. For 
instance, at E, = 2 eV, the CAR spectra of the m/z 
177 species are superimposable as shown in Figure 1. 
Furthermore, it must be emphasized that these CAR 
spectra display two types of ions: (1) those produced 
by direct dissociative processes (i.e., the m/z 45, 145, 
and 147 ions as observed in the CID spectra) (Table 3) 
and (2) species generated by ion-molecule reactions 
with NH, (i.e., the m/z l&30,35,47,62, and 194 ions. 
We conclude that the [l, + 27l+ and [l,, + 27l+ 
ions are characterized by identical structures. This also 
confirms the mechanism proposed in Scheme II. 
Note that the presence of the [M + 27 + NHJ’ 
(m/z 194) adduct ions suggests that it is likely that the 
[M + 271+ ion structure is not that of a benzylic carbe- 
nium. Indeed, an analogous carbenium ion such as 
R+(m/z 133) does not give rise to formation of the 
m/z 150 ions by ammonia attachment under the same 
CAR conditions (not reported herein), and only NH: 
was produced. Alternatively, a cyclic structure such as 
a methylated acetal form may be more reactive be- 
cause the activated benzylic C-O bond can allow nu- 
cleophilic substitution via acetal ring cleavage con- 
comitant with ammonia attachment (i.e., S,2 pathway) 
rather than a direct process involving the carbenium 
solvation with NH,. Actually, the carbenium ion and 
the methylated acetal form can coexist. 
18- 
D 
17! 
: 
t 
1 
M+29]’ 
rain 
warn 
z- 
Figure 1. CAR (NH,) spectra (recoxkd at Elab = 2 eV and PNHJj 
(m/z 177) prepared in DME CI. 
= 3 x 10m3 torr) of the selected [lci, + 27]+ and [ltrans + 27]+ ions 
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Regioselective and Stereospecific Formation of the 
[M + 291f Ions in the High-Pressure Source 
Formation of ions resdting from nucleophilic substitution. 
The CI DME mass spectrum of the labeled ‘8O-1,, 
epimer shows (Table 4) that the nucleophilic substitu- 
tion takes place regioselectively at the benzylic posi- 
tion because the 180 atom is lost. Similar behavior was 
observed in previous studies of the reactivities of such 
substrates with the NH,/NH: system [9]. The formal 
structure of the [M + 291+ ion corresponds to that of 
[M + H + DME - H*O]+ which can be compared 
with the substituted [M + NH, - H,O]+ ion gener- 
ated under CI-ammonia conditions from the MNH: 
adduct ion. However, production of such [M + DMEH 
- H,O]+ ions is somewhat thermochemically unex- 
pected in DME CI. Indeed, PAcoME) (i.e., 802 kJ mol-’ 
1241) is significantly lower than that of the cis and trans 
indanediols (estimated to be 822 and 839 kJ mol-‘, 
respectively; see Appendix), contrasting with the PA of 
ammonia (i.e., 854 kJ mol-’ [24]), which is slightly 
higher. Thus, the proton transfer to the epimeric diols 
must be exothermic from DMEH+. Consequently, the 
MH+ ions should be produced rather than the substi- 
tuted [M + H + DME - H20]+ ions. 
An explanation for the behavior of diols toward the 
DME/DMEH+ system can be proposed. Very likely, 
the dehydration reactions resulting from the [M + H 
+ DMFl+ adduct ions and/or from the protonated 
diols (m/z 151) take place with a reaction having a 
larger rate constant than that for the loss of DME from 
the [M + H + DMEl+ and/or [M + 29]+ adduct ions. 
Consequently, observation of MH+ as stabilized ion 
species is somewhat hindered with regard to [M + 
291+. The lower PA of water relative to that of DMF 
(i.e., 697 kJ mol-’ versus 804 kJ mol-‘, respectively) 
1241 explains the higher rate constant characterizing 
the water loss [23]. Alternatively, from MH+ that are 
eventually produced, the loss leading to the carbenium 
ion (m/z 133) would be favored by a rate constant 
very much larger than that of the DME loss from 
[M + 29]+ ions, yielding the same m/z 133 ions as 
confirmed by its CID spectra. 
sure effects and particularly the dependence of the 
{m/z 177)/{m/z 1971 ratio (noted as r) were studied 
in the CI source. The observed pressure dependences 
(Figure 2) indicate that the [l& + H + DMEl+ and 
hrans + H + DME]+ adduct ions are similarly stabi- 
lized by increasing pressure in the P,,,, range usually 
used for CI conditions. This behavior suggests that the 
water-loss mechanism must be identical for epimers. 
Furthermore, because an increase of the thermal colli- 
sion number yields a stabilization of adduct ions rather 
than the enhancement of the [M + 29]+ ion formation 
as expected according to the S,2 process, the S,i 
process is considered as the more favored pathway. 
This is also confirmed by CID spectra of [M + H + 
DME]+ (Table 3), which undergo facile loss of water 
(i.e., the S,2 process is ruled out under CID condi- 
tions). 
However, the absence of an enhanced formation of 
m/z 179 ions when the DME pressure was increased 
must be confirmed. Indeed, the rate constant of the 
nucleophilic substitution process may be very sensitive 
to the internal energy of the reactive ions as well as to 
their kinetic energy. These phenomena deserve further 
mechanistic consideration. For this reason, reactive col- 
lisions induced by ammonia were performed in the 
collision cell to provide a structural corroboration upon 
the selected [M + 291+ ions. 
Note that this trend differs from that observed for 
the reactivity of indanediols toward ammonia 191 be- 
cause the substituted [l& + H + NH, - H,ol+ ions 
produced according to the S,2 mechanism were en- 
hanced relative to the substituted [Itim + H + NH, 
- H,Ol+ ions generated by the S,i process when the 
ammonia pressure was increased. 
Confirmation of the iM + 291+ ion structures. Examina- 
tion of the [l& + 29]+ and [lti, + 291+ species reac- 
tivity toward the nucleophilic ammonia reagent in the 
collision cell is particularly interesting for comparing 
the ion structures and especially their relative stereo- 
chemistry. From the CID spectra of [M + H + DME - 
H20]+ ions (Table 3), no significant differences can be 
8, 
Common nucleophilic substitution mechanism leading to the g 7 
fM + 291+ ions. Two possible nucleophilic substitu- & 6 
tion reactions can be proposed a priori from the [M + 
H + DME]+ adduct ions: (1) a direct nucleophilic sub- 
; 5 
4 
stitution from the adduct ions via an intramolecular b 
pathway (i.e., S,i, Scheme III) [25] in which the initial g 3 
stereochemistry is preserved and (2) a bimolecular Ji * 
reaction (i.e., S,2, Scheme III) [261 induced by the II 1 
DME neutral and accompanied by Walden inversion. h 0 
To compare the respective reactivities of the 4 5 5 7 8 9 10 11 12 
epimeric[l, + H + DME]+ and[l,, + H + DME]+ P(DMEI 
adduct ions toward the nucleophilic substitution pro- 
cess and to identify the orientation pathway (i.e., uni- 
molecular versus bimolecular mechanism), DMF pres- 
Figure 2. Evolution of the (m/z li’9)/{rn/z 1971 ratio versus 
DME pressure (torr x 10e5) measured in the high-pressure 
source. 
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Figure 3. CAR (NH,) spectra ( Elab = 2eV and PmH3) = 2 X 10m3 torr) of the selected [lc + 29]+ and [It + 29]+ ions (m/z 179) 
prepared in CI Dh4E. 
seen. The CAR experiments performed on these ions 
allow us to use the stereospecificity of the induced 
ion-molecule reactions and consequently to provide 
further information on the [M + 291+ ion structure. 
First, in contrast with the observed reactivity of the 
[M + 27]+ ions toward NH, (vide supra), only a few 
bimolecular processes and dissociations take place from 
the selected [M + 291+ ions as displayed in their CAR 
spectra (Figure 3). In the collision cell, the latter pre- 
cursor ions yield to the substituted [M + H - Hz0 + 
NH,]+ ions (m/z 150) and ammonium species (i.e., 
NH:, m/z 18, and N,H:, m/z 35). In addition, the 
R+ carbenium ion is produced by direct loss of DME 
from the selected ions. Note that the absence of the 
[M + 29 + NHJ+ adduct ions h/z 194) is expected 
according to the proposed oxonium structure reported 
(a) -Hz0 
* 
SNi 
[M+ H + DME]‘, I& 197 
Rctaoticn af 
anfiigrrration 
‘0’ H HO---: !  I 
(b) 
-DME 
-Hz0 
w 
w 
[M + H+ DM!Z]+, m/z 197 
sN2 
Inva?zim of 
anti&m 
OH 
[M + 29]+, m/z 179 
\/ 
0 
*+ $ 
OH 
[M + 29]+, m/z 179 
Scheme III. Nuckophilic substitution mechanisms from the [M + H + DME]+ adduct ions 
(m/z 197) via (a) in&xmolecular S,i pathway with configuration retention and (b) 
ion-molecule S,2 pathway accompanied by configuration of the [M + 29]+ produced ions. 
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and I or 
-0” + NH,+ 
Scheme IV. Proton transfer from the R+ carbenium to ammonia via (a) the benzylic e carbenium and (b) the protonated k 
homobenzylic ketone. 
in Scheme III. Indeed, this structure does not permit 
either hydrogen bonds or covalent attachment with 
NH,. It is also possible to rationalize formation of 
NH: (as well as N,H:). From the selected [M + 291+ 
ions, proton transfer cannot be promoted by the posi- 
tive charge because the benzylic charge site is meth- 
ylated rather than protonated. For this reason, the 
production of NH: . 1s likely to occur by proton trans- 
fer from the fragment R+ carbenium according to 
Scheme IV. 
Indeed, the R+ ion can have different isomeric 
structures (i.e., the protonated enolic e form and the 
protonated ketonic k form). This is confirmed by the 
CAR spectra of the R+ carbenium ion, which gives rise 
to formation of the NH: ion as mentioned previously. 
From Figure 3, it appears that the [m/z 133]/{[ m/z 
181 + [m/z 3511 ratios (i.e., approximately 0.45 f 0.01) 
are not dependent upon the initial stereochemistry of 
selected precursor ions. Such a behavior corroborates 
our assumption for the NH: and N,HF origins, as 
proposed in Scheme IV. Note that this proton transfer 
to ammonia is thermodynamically possible because 
enols (and/or ketones) have lower (or similar) proton 
affinities than that of ammonia [24]. 
Finally, the production of the substituted m/z 150 
ions must occur directly from the selected [M + 291+ 
ions. Thus, only the S,2 mechanism from [M + 29]+ 
must be specifically considered for both epimeric pre 
cursor species. The {m/z 150]/{m/z 179) ratios de- 
pend significantly upon the initial stereochemistry (i.e., 
0.64 and 0.25 for [lb + 291+ and [Iti- + 291+, respec- 
tively). Then, the [lti + 29]+ ion appears to favor the 
S,2 process relative to that observed for the [l- + 
291+ ion. This behavior can be explained if it is as- 
sumed that both the [M + 291+ ions retain their initial 
stereochemistry. Based on this proposition, the en- 
hanced reactivity of the [l,& + 291+ substituted ions 
compared to that of NH, is expected, because the NH, 
approach to the opposite site is possible. This contrasts 
with the [l,, + 29]+ ions for which the nucleophilic 
attack at the benzylic position is sterically hindered by 
the homobenzylic hydroxy group. These results permit 
us to conclude that the [M + 29]+ ions are produced 
in the high-pressure source via the S,i pathway 
(Scheme IIIa); i.e., [l& + 29]+ and [Iti- + 291+ ions 
are characterized by cis and truns stereochemistry, 
respectively. However, because we do not have meth- 
ylated reference ions of established cis and trans struc- 
tures, we cannot attribute cis and truns stereochem- 
istry to all [l& + 29]+ and [&,, + 29]+ ions, respec- 
tively (i.e., a partial isomerization cannot be ruled out). 
Conclusion 
This study on the reactivity of the cis/truns-in- 
danediols under DME CI conditions shows that the 
[M + 27]+ and [M + 29]+ ions are covalent ions gen- 
erated from decompositions of the [M + (DME - Hll’ 
and [M + DMEl+ adduct ions, respectively, by direct 
water losses rather than from bimolecular reactions. 
The dehydration occurs in the first case via a stepwise 
proton transfer, considered as an internal acidic cataly- 
sis, which provides a regioselective loss of the benzylic 
hydroxy group, whereas the [DME - HI+ is cova- 
lently attached to the homobenzylic hydroxy site. Al- 
ternatively, from the proton bound [M + H + DMEl+ 
adduct ions, intramolecular water loss occurs directly 
at the activated benzylic carbon atom leading to the 
[M + 29]+ ions via an S,i mechanism. 
Finally, both mechanisms exhibit large stereochemi- 
cal effects, promoting the use of DME as a CI reagent 
gas for distinguishing epimeric compounds. The stere- 
ochemistry of the [M + 291+ ions is retained, whereas 
in the case of the [M + 27]+ ions, the stereochemistry 
is lost to yield a common ion structure from both cis 
and frans substrates as deduced from the CAR spectra. 
We conclude that the driving force inducing highly 
regioselective dehydration reactions is the formation of 
the benzylic charged species. 
Appendix 
Estimation of the proton affinity of trans-indanediol. This 
value can be estimated roughly by adding an incre- 
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ment of 24.6 kJ mol-’ to the PA of benzylic alcohol 
(i.e., PA = 789 kJ mol-’ [24J) which corresponds to the 
PA increase from n-propanol (i.e., PA = 798 kJ mol-’ 
[24]) to truns-cyclopentanediol (i.e., PA = 822.6 kJ 
mol-’ [6]). This estimation applied to trans-indanediol 
yields a PA value of 813.6 kJ mol-’ (i.e., 789 + 24.6 kJ 
mol-‘). 
Estimation of the cis-indanediol PA. The PA increase of 
16.3 kJ mole1 for cis-cyclopentanediol related to the 
PA of trans-cyclopentanediol[61 is used for the similar 
indanediol system. This allows us to estimate an PA,, 
= 829.9 kJ mol-’ (i.e., 813.6 + 16.3 kJ mol-‘1. 
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